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Abstract 

The authors report on observation of Bragg confined mode in a hollow cylindrical dielectric cavity. 
A resonance was observed at 13.4 GHz with an unloaded Q-factor of order 2 x 10 5 , which is more 
than a factor of 6 above the dielectric loss limit. Previously such modes have only been realized 
from pure Transverse Electric modes with no azimuthal variations and only the E^ component. 
From rigorous numeric simulations it is shown that the mode is a hybrid mode with non-zero 
azimuthal variations and with dominant E r and electric field components and H z magnetic 
field component. 
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Low noise oscillators require high-Q resonators for low phase noise and high stability. The 
Q-factor of a standard dielectric resonator is usually limited by the dielectric loss-tangent 
of the material. One way of beating the loss-tangent limit is by building a layered structure 
that confines the mode mainly in the central air region through Bragg reflection. In the 
past this has solely been achieved with TE m<n<p modes of azimuthal mode number m = in 
cylindrical resonators [l[ 0, 0, 0, 0] (n is the radial mode number and p the axial). This 
is because the mode has only an E^ electric field that remains tangential to both the radial 
and axial surfaces, which is a requirement of Bragg reflection. In this work we show the 
discovery of modes of m > 0, which also maintain Bragg confinement in hollow cylindrical 
structures. The modes are hybrid (all field components), however, the dominant fields for 
these modes are E r , E^ and H z , and Bragg reflection is allowed as the radial component 
of the Electric field exists near the central region of the resonator and supplies a tangential 
boundary condition to the axial Bragg reflectors. In contrast the azimuthal electric field 
exists mainly at all boundaries of the Bragg reflectors and Bragg confinement of the mode 
is also achieved in the radial direction. 

A hollow single-layer alumina cylinder of height 49.94 mm and diameter 65.6 mm was 
manufactured and supported by Teflon spaces in a cylindrical metallic cavity (see FigJTJ. In 
this work, the m = 1 hybrid mode was measured to have a frequency of 13AGHz with a 
Q-factor of order 2 x 10 5 , which is more than 6 times the dielectric loss limit. In contrast 
single layered cylindrical structures using the lowest order fundamental m = modes have 

n □ rf 

only achieved about a factor of 2|6J, |7|, |8[. The field structure and properties were verified 
using Method of Lines. This result presented here is also greater than a high-Q sapphire 
Whispering Gallery mode resonator at room temperature [9j, but achieved using a cheaper 
material with the potential to enable the constructing equivalent state-of-the-art low noise 



oscillators [10l. 
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To characterize the dielectric properties of the alumina we use the whispering gallery 
mode method fl3. [l4 . Q. Modes are simulated using Method of Lines software to predict 
the frequency, geometric factor and filling factor of the fundamental WGH mode family. 
Simulations are compared with measurements in order to estimate the loss tangent and the 
permittivity of the alumina sample. Results are given in TabJT] and FigfJl To calculate the 
loss tangent as a function of frequency, the results in TabJT] are combined with Eq{TJ and 
plotted in FigfS] (note the filling factor in Teflon is very small and can be ignored). 
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Q- 1 - 2* 

tan[6) = — (1) 

Pe 

Hear R s is the cavity surface resistance, which was determined to be from the Q-factor of 
the mode in the empty cavity. The calculation in Eqffjis only accurate when Q _1 > R s /G, 
which is the case in Figj2]when / < 10GHz. Above 10GHz the usual frequency dependence 
of the loss tangent is measured, and determined to be 2.4 x 10~ 6 /. 

Several confined higher order Bragg modes were measured in the structure with Q-factors 
of order 10 5 or larger. Modes were identified after the characterization of the permittivity 
and loss-tangent and results are shown in Figj3]andHl In previous work only Bragg confined 
modes of m = have been characterized, and here we unequivocally identify Bragg confined 
modes of azimuthal mode number m > 0. The highest Q-factors are measured for the 
11.34 GHz (Q = 2.25 x 10 5 ) and 13.40 GHz (Q = 1.91 x 10 5 ) modes (see FigJBJfor a plot 
of the field density and Figj6]for a network analyzer measurement of the Q-factor). Given 
that we measured the loss tangent of the alumina to be tan5 Alumina = 2.4 x 10~ 6 / '[GHz] 
both modes are a factor of 6.1 above the dielectric loss limit. We may also compare the 
results to a sapphire whispering gallery WGH mode. Given that the loss tangent parallel 
to the c-axis is tan5 Savvhire = 4.2 x 10~ 7 / 109 [OTz]Q the 11.34 and 13 AGHz modes have 
Q-factors of 1.3 and 1.4 times greater than sapphire WGH modes respectively. 

The temperature coefficient of frequency for such resonators are also expected to be an 
order of magnitude lower than sapphire resonators, as they will be dominated by the tem- 
perature coefficient of expansion rather than the temperature coefficient of permittivity 8| . 
Also, some of the modes show a doublet structure similar to Whispering Gallery modes due 
to the cosine-sine degeneracy for modes of m > 0. This may effect the noise performance 
of an oscillator [ll| due to competition between modes, but generally can be avoided with 
correct phase control within the loop of an resonator-oscillator flo|| . 

In summary, we have shown for the existence of Bragg modes with greater than zero 
azimuthal variations in a hollow ceramic Alumina structure. Higher order Bragg modes 
were measured with a Q-factor of 30 to 40% greater to that of sapphire WGH modes, and 
with a factor of 6.1 above the dielectric loss limit of the alumina dielectric. 
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TABLE I: Characteristics of the WGH m $fl mode family (m is the azimuthal mode number), in- 
cluding measured fmeas, and calculated frequency f ca i c [GHz], measured Q-factor Q, and calculated 
electric energy filling factor p e , and G-factor, G. The permittivity is estimated to be 9.73 to allow 
agreement with the calculated and measured frequencies, the material loss tangent is calculated 
using EqQ] and shown in Figj2] 
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Alumina Cavity 
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Teflon Support 

FIG. 1: Left: Schematic of the cavity showing the hollow cylindrical Alumina structure supported 
by Teflon posts loaded inside a silver plated copper cavity. Right: Top right quadrant of the 
structure, showing dimensions. 
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FIG. 2: Calculated and fitted loss tangent from the results presented in Tab HI and the calculation 
from Eq(TJ The calculation is only accurate above 10 GHz when Q^ 1 > R s /G. Typically in this 
regime unloaded Q-factor measurements are of order 20% accurate, which is reflected in the error 
bars. 
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FIG. 3: Calculated and measured frequencies of some higher order confined Bragg modes. 
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FIG. 4: Measured and calculated unloaded Q-factors of the Bragg modes in Figj3j The measure- 
ment is made in by measuring the bandwidth in transmission in the low coupling regime, see FigJB] 
, for example. Typically this types of measurement are about 20% accurate. 
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FIG. 5: Density plot (modulus squared) of the dominant electric and magnetic field components 
for the 13. 4GHz mode of m = 1 as calculated using the Method of Lines (see TabU for filling 
factors). The hollow alumina cylinder is outlined (along with the Teflon supports), which confines 
the field in the internal free space region 




FIG. 6: Measurement of the Q-factor of the m = 1 Bragg mode. Resonance frequency is 
13.39564:GHz, loss on resonance is high (— 68. 4dB) illustrating low coupling, and measured reso- 
nance bandwidth is 69.836kHz giving a unloaded Q-factor of 192,000. Note the mode exists as a 
doublet due to the degeneracy for even (cosine) and odd (sine) mode dependence along the azimuth 
when m > 0. 
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